Background: Frailty is a common condition in elders and identifies a state of vulnerability for adverse health outcomes. Objective: Our objective was to provide a biological face validity to the well-established definition of frailty proposed by Fried et al. Design: Data are from the baseline evaluation of 923 participants aged ͧ65 y enrolled in the Invecchiare in Chianti study. Frailty was defined by the presence of ͧ3 of the following criteria: weight loss, exhaustion, low walking speed, low hand grip strength, and physical inactivity. Muscle density and the ratios of muscle area and fat area to total calf area were measured by using a peripheral quantitative computerized tomography (pQCT) scan. Analyses of covariance and logistic regressions were performed to evaluate the relations between frailty and pQCT measures. Results: The mean age (ȀSD) of the study sample was 74.8 Ȁ 6.8 y, and 81 participants (8.8%) had ͧ3 frailty criteria. Participants with no frailty criteria had significantly higher muscle density (71.1 mg/ cm 3 , SE ҃ 0.2) and muscle area (71.2%, SE ҃ 0.4) than did frail participants (69.8 mg/cm 3 , SE ҃ 0.4; and 68.7%, SE ҃ 1.1, respectively). Fat area was significantly higher in frail participants (22.0%, SE ҃ 0.9) than in participants with no frailty criteria (20.3%, SE ҃ 0.4). Physical inactivity and low walking speed were the frailty criteria that showed the strongest associations with pQCT measures. Conclusion: Frail subjects, identified by an easy and inexpensive frailty score, have lower muscle density and muscle mass and higher fat mass than do nonfrail persons.
INTRODUCTION
Frailty is generally defined as a state of high vulnerability for adverse health outcomes, including falls, hospitalization, physical disability, and mortality (1) . The challenges of finding a standard definition of frailty that could be uniformly applied and valid in different settings (2, 3) make any estimation of prevalence approximate and tentative (4) . However, according to current literature, the prevalence of frailty increases with age, and the American Medical Association estimated that Ȃ40% of persons aged ͧ80 y are frail (5) .
The pathophysiologic modifications underlying frailty have not been carefully explored, but they are probably independent of aging. Evidence on the nature of biological processes that cause frailty is quite limited, probably because of their complex and multifactual nature. For example, evidence suggests that body composition, musculoskeletal and nervous systems, and inflammation act synergistically as risk factors for frailty. The lack of a standardized working definition of frailty in elders may have further slowed the research on this topic.
In the present study, the frailty syndrome was defined by using the criteria proposed by Fried et al (1) and developed in the context of the Cardiovascular Health Study. This screening instrument was developed to identify frail persons at high risk of adverse health-related outcomes in the clinical setting (1) . The operational definition of frailty was based on a conceptual paradigm and was later validated by showing its ability to predict physical disability, hospitalization, and mortality in a sample of community-dwelling older persons (1) .
The strong association between Fried's frailty definition and the risk of developing health-related events might be at least partially explained by changes in body composition that occur with aging in most persons. In particular, an accelerated decline in muscle mass and quality and a parallel increase in fat mass may represent pathophysiologic changes that critically precipitate the development of the frailty syndrome.
The aim of the present study was to investigate the relation of the frailty syndrome with muscle and fat measures, as assessed by a peripheral quantitative computerized tomography (pQCT) scan, in a large sample of community-dwelling older persons.
Given the known relations of inflammation with frailty (6, 7) and body composition (8, 9) , we also explored whether inflammation [measured as concentrations of interleukin 6 (IL-6), tumor necrosis factor ␣ (TNF-␣), and C-reactive protein (CRP)] mediated, at least in part, the relation between changes in body composition and frailty.
SUBJECTS AND METHODS
The present study is based on data from the baseline visit of the Invecchiare in Chianti (Aging in the Chianti area, InCHIANTI) study, a prospective population-based study of older people designed by the Laboratory of Clinical Epidemiology of the Italian National Research Council of Aging (Florence, Italy). The InCHIANTI study is aimed at the identification of risk factors for the onset of disability in the elderly, the study of physiologic subsystems critical for walking, and the definition of critical ranges for tests that evaluate the integrity of the physiologic subsystems important for walking.
The study population for these analyses included 1155 participants aged between 65 and 102 y and who were randomly selected from residents in 2 towns of the Chianti geographic area (Greve In Chianti and Bagno a Ripoli, Tuscany, Italy). The data collection started in September 1998 and was completed in March 2000. A detailed description of the sampling procedure and data collection method was previously published (10) . The Italian National Research Council on Aging Ethical Committee ratified the entire study protocol.
The present analyses were performed on 923 participants; we excluded subjects in whom pQCT measures and frailty syndrome were not assessed (n ҃ 232). The only sociodemographic characteristics in which excluded participants differed from those considered for the present analyses were the older age (80.0 y compared with 74.3 y, P 0.001) and the lower Mini Mental State Examination (MMSE) score (20.5 compared with 25.0, P 0.001).
Frailty syndrome
Frailty syndrome was defined on the basis of the wellestablished, standardized phenotype described by Fried et al (1) in the Cardiovascular Health Study. In the present study, the 5 different components of the frailty syndrome were evaluated and defined as follows:
1) Weight loss. Weight loss was defined as the unintentional loss of 4.5 kg in the past year.
2) Exhaustion. If the participant answered "Often" or "Most of the time" for the question "How often in the last week did you feel that everything you did was an effort?" included in the Center for Epidemiologic Studies-Depression scale (11), the exhaustion criterion was considered present.
3) Physical inactivity. Participants who performed no physical activity, spent most of the time sitting, or rarely had a short walk (or other nondemanding physical activity) in the past year were considered physically inactive.
4) Low walking speed. Participants were divided into 4 groups, below and above the median body height by sex to get percentile values on a 4-m walk test. If walking speed corresponded to the worst quintile for the sex and height groups, low walking speed was considered present.
5) Low hand grip strength. Hand grip strength was measured by a hand-held dynamometer (hydraulic hand BASELINE;
Smith & Nephew, Agrate Brianza, Milan, Italy). The participants were asked to perform the task twice with each hand. The average of the best results obtained for each side was used for the present analyses. The participants were divided into 8 groups according to quartiles of body mass index (BMI; in kg/m 2 ) by sex. If hand grip strength corresponded to the ͨ20th percentile for the sex and BMI groups, low hand grip strength was considered present.
The participants who reported ͧ3 of these characteristics were defined as frail, and intermediate frailty was defined as the presence of 1 or 2 components. This commonly used definition has shown predictive validity for the adverse outcomes that geriatricians tend to associate with being frail: falls, hospitalizations, disability, and death (1) .
Peripheral quantitative computerized tomography measures
A pQCT scan of the right leg was performed in all participants with a recent generation device (XCT 2000; Stratec, Pforzheim, Germany) to evaluate the total, muscular, and fat cross-sectional areas of the calf. Data presented here were derived from standard 2.5-mm thick transverse scans obtained at 66% of the tibial length, starting from the tibiotarsal joint. Previous studies showed that this is the region with the largest outer calf diameter and with a small variability across persons (12) . The muscle density (in mg/cm 3 ), muscle area (in cm 2 ), fat area (in cm 2 ), and total area (in cm 2 ) were calculated by using the BONALYSE software version 3.1 (BonAlyse Ltd, Jyväskylä, Finland). Different tissues in the analyses were separated according to different density thresholds, with the use of the soft tissue algorithm: a density value of 15 mg/mm 3 was used to separate fat from muscle tissue and 180 mg/mm 3 to separate muscle from bone tissue. In recent years, pQCT has gained popularity for the analysis of bone geometry and density and to quantify limb muscle markers. The radiation exposure of a measurement performed with a modern system is far below that of a standard hand X-ray (13) . For the present study, we considered the muscle density and the ratios (expressed as percentages and defined, respectively, as muscle area ratio and fat area ratio) of muscle area and fat area to total calf area as predictors of frailty.
Covariates
Covariates included sociodemographic variables (age, sex, study site, smoking habit, and MMSE score), BMI, comorbidity (adjudicated diagnoses of angina, myocardial infarction, hypertension, stroke, congestive heart failure, peripheral artery disease, diabetes, cancer, osteoarthritis, and pulmonary disease), and biological markers (albumin, total cholesterol, and hemoglobin). Adjudicated disease diagnoses were based on selfreported history, clinical documentation, and medication use, on the basis of prestandardized criteria derived from the Women's Health and Aging Study protocol (14) . Serum lipids were measured from fresh blood samples drawn after an overnight fast. Commercial enzymatic tests (Roche Diagnostics, Mannheim, Germany) were used to measure the concentration of serum total cholesterol (interassay CV: 3.8%). Percentage serum albumin was detected by electrophoresis (Hydragel 7 Protein, Sebia, France; mean interassay coefficient: 0.8%), and its concentration was calculated from serum total proteins (Roche Diagnostics; interassay coefficient: 1%). Hemoglobin concentrations were measured by using the hematology automated autoanalyzer DASIT SE 9000 (Sysmex Corporation, Kobe, Japan).
IL-6, TNF-␣, and CRP were considered as additional potential explanatory covariates in the adjusted models to evaluate whether inflammation explained the association between frailty syndrome and pQCT measures. This is consistent with the hypothesis that chronic inflammation represents a common feature of the geriatric syndrome of frailty (7) and with data showing that a proinflammatory state is a strong predictor of body composition changes (8, 9) . The quantitative measurement of serum concentrations of IL-6 and TNF-␣ was performed with enzyme-linked immunosorbent assays from commercial kits (Biosource International, Camarillo, CA). The lower detectable concentrations for IL-6 and TNF-␣ were 0.10 pg/mL and 0.09 pg/mL, respectively. The mean interassay CV for IL-6 and TNF-␣ was 7.0%. Concentrations of CRP were measured by using a highsensitivity enzyme-linked immunosorbent assay, a competitive immunoassay that uses purified protein and polyclonal anti-CRP antibodies. The minimum detectable concentration was 0.03 mg/L. The interassay CV was 5.0%. Because of the nonnormal distribution of the serum concentration of inflammatory markers, the present analyses were performed by using their log values.
Statistical analyses
Differences in proportions and means of covariates according to the presence of frailty syndrome were assessed by using chisquare and analysis of variance statistics, respectively. Median values with 25th-75th percentile ranges and P values based on Mann-Whitney U statistics were reported for nonnormally distributed variables. To maintain a conservative approach, all variables found to be different at the univariate analyses with a P value 0.10 were considered as covariates to adjust the subsequent multivariate analyses. Spearman's correlation analyses were performed between frailty syndrome score (and single items composing it) and pQCT measures of the calf. Analyses of covariance were performed to assess differences in adjusted means of calf pQCT measures according to the presence of frailty syndrome (dependent variable). Separate logistic regression models were used to identify odds ratios (ORs) and 95% CIs between the frailty syndrome components (dependent variables) and the pQCT measures (per SD increase). Statistical analyses were conducted with SPSS software (version 13.0; SPSS Inc, Chicago, IL).
RESULTS
The mean age (ȀSD) of the participants in the present study was 74.8 Ȁ 6.8 y. Participants were predominantly women (55.9%) and moderately overweight (BMI: 27.4 Ȁ 4.1). Only 4 participants (0.4%) had a BMI 18.5, and 227 participants (24.6%) had a BMI ͧ 30.
In our sample, 81 participants (8.8%) had ͧ3 frailty criteria ( Table 1) . The following prevalences were reported for the frailty criteria in the study sample: low walking speed, 22.4%; low hand grip strength, 20.0%; exhaustion, 17.9%; physical inactivity, 17.4%; and weight loss, 4.9%. Frail participants were older and had a higher prevalence of congestive heart failure, hypertension, osteoarthritis, peripheral artery disease, stroke, and myocardial infarction (P 0.09), lower concentrations of albumin and hemoglobin, and higher concentrations of inflammatory markers than did nonfrail participants. The participants with frailty syndrome had lower muscle density and muscle area ratio than did nonfrail control subjects, but they had similar fat area.
Spearman's correlations between pQCT measures and frailty syndrome criteria are shown in Table 2 . Muscle density was inversely and significantly associated with the overall frailty syndrome score and with components of low hand grip strength, physical inactivity, and low walking speed. Significant correlations were also found between percentage muscle area and fat area and the number of frailty criteria, exhaustion, and physical inactivity.
Analyses of covariance (adjusted for age, sex, MMSE score, myocardial infarction, congestive heart failure, hypertension, osteoarthritis, peripheral artery disease, stroke, albumin concentration, and hemoglobin concentration) were performed to assess the differences in adjusted means of pQCT measures across different frailty states. Participants without frailty criteria had higher muscle density (71.1 mg/cm 3 , SE ҃ 0.2) and muscle area ratio (71.2%, SE ҃ 0.4) than did the participants with intermediate frailty (70.6 mg/cm 3 , SE ҃ 0.2; and 69.0%, SE ҃ 0.5, respectively) and those with frailty (69.8 mg/cm 3 , SE ҃ 0.4; and 68.7%, SE ҃ 1.1, respectively; all P for trend 0.05). The fat area ratio was higher in the participants with intermediate frailty (22.1%, SE ҃ 0.4) and frailty (22.0%, SE ҃ 0.9; P for trend ҃ 0.003) than in the participants with no frailty criteria (20.3%, SE ҃ 0.4). No significant interaction between body composition measures and sex on frailty syndrome was observed (all P values 0.10).
At the univariate analyses, a lower cognitive performance was reported in frail participants than in participants without frailty. Therefore, to evaluate the potential confounding role played by poor cognitive performance on the relation between pQCT measures and frailty syndrome, restricted analyses of variance in a subset of 60 randomly selected participants (20 age-and MMSE score-matched participants for each frailty group) were performed. Consistent and significant (all P for trend 0.001) results with previous findings were reported for all the studied associations.
To test whether inflammation explained part of the link between frailty syndrome and pQCT measures, we entered concentrations of IL-6, CRP, and TNF-␣ (log values) in the adjusted models. As shown in Figure 1 , the findings of our analysis remained substantially similar.
Finally, we explored the relations between each single frailty criterion with pQCT measures (per SD increase) in unadjusted and adjusted logistic regression models ( Table 3) . Unadjusted analyses showed significant relations for the following: 1) muscle density with low hand grip strength, physical inactivity, and low walking speed; 2) percentage muscle area with exhaustion, physical inactivity, and low walking speed; and 3) percentage fat area with exhaustion and physical inactivity. Physical inactivity was the only frailty criterion that remained significantly associated with all the pQCT measures, even after full adjustment for covariates, including inflammatory markers. In particular, each SD reduction in muscle density (3.6 mg/cm 3 ) and percentage muscle area (11.3%) and SD increase in percentage fat area (10.8%) were associated with a respective 27%, 39%, and 64% higher likelihood of being sedentary. We also found a strong significant association between muscle density and low walking speed in the fully adjusted model (OR: 0.67; 95% CI: 0.55, 0.82). Weight loss and pQCT measures were not statistically related.
DISCUSSION
In the present study, we showed a strong association between the commonly used definition for the frailty syndrome developed by Fried et al (1) and lower extremity pQCT-derived indexes of body composition. Frail older persons have lower muscle density and muscle mass and higher fat mass. This relation appears to be similar in men and women and is independent of concentrations of IL-6, CRP, and TNF-␣. In an analysis of the single criterion composing the frailty score, physical inactivity was the strongest correlate of body composition.
Skeletal muscle undergoes quality and quantity modifications with aging, which lead to a progressive decline in muscle mass and strength (15) . The age-related loss of muscle mass may not be an isolated phenomenon, but rather it is strongly connected 1 Frailty was defined as ͧ3 of the following criteria: exhaustion for ͧ3 d in the past week, grip strength in the lowest quintile, low physical activity, weight loss (4.5 kg in the past year), and low walking speed (lowest quintile). n ҃ 923.
2 Differences in proportions and means of covariates according to the presence of frailty syndrome assessed by using chi-square and ANOVA statistics, respectively. For nonnormally distributed variables, statistical significance was based on the Mann-Whitney U test. with a parallel increase in fat mass (16) . The fat mass increase and the muscle mass decrease may act synergistically and lead to sarcopenic obesity (16) , an important risk factor for physical disability (17) (18) (19) . Our findings are supportive of the recently proposed vicious cycle of frailty (20) , which involves sarcopenia as one of the main contributors. According to this hypothesis, a decrease of metabolically active cell mass and the weakness resulting from the muscle loss are responsible for the reductions in resting metabolic rate and physical activity. Physical activity becomes progressively more difficult, and its habitual level declines further because of the body composition changes. The decreased physical activity and resting metabolic rate may then result in the dysregulation of energy input and output, causing undernutrition that may potentially further exacerbate the loss of muscle. Consistent with this hypothetical pathway is our finding that indicates physical inactivity as the frailty domain most strongly associated with body composition indexes. By stimulating muscle protein synthesis, physical activity may prevent the age-related decline in muscle energy efficiency and contractile functions (21) and through this mechanism may prevent the development of frailty. Moreover, physical activity mediates strong antiinflammatory mechanisms with sufficient power to reduce proinflammatory activity in vitro and in vivo (22) . In a previous study, Walston et al (23) showed that the frailty syndrome is characterized by increased amounts of inflammation, which, in themselves, have shown a direct effect on skeletal muscle in animal (24 -26) and human (27) models.
Our findings showed a strong relation between frailty and pQCT muscular indexes. It may be argued that this is a not surprising finding, given the inclusion of muscle strength as one of the defining criteria of frailty. Nevertheless, note that separate logistic regression models comparing the frailty criteria with pQCT measures showed that walking speed and physical activity, rather than hand grip strength, represented the strongest contributors to body composition changes. Even though hand grip strength has been shown to be an excellent predictor of healthrelated events (28, 29) and to provide a good approximation of total body muscle strength (30) , it is still a measure of upper-body strength and may not entirely capture body composition in the lower extremities. Moreover, in a previous study (31), we showed that muscle power (ie, the ability to generate muscular work per unit of time) represents a more important determinant of physical function than does muscle strength (ie, the ability to exert maximal muscular force). Muscle power is not only associated with a steep decline with aging but is also related to skeletal muscle quality and quantity (32) (33) (34) . Finally, walking speed and physical activity represent more complex indicators of well-being than the simple mechanical measure of muscle strength. In fact, walking and physical activity are the result of the multiple interactions of several different systems (eg, skeletal muscular apparatus, nervous system, respiratory system, etc). The harmonic integration of these systems allows for correct explication of the critical subcomponents of walking and physical activity (eg, motivation, motor programming, execution, energy production and delivery, etc). Therefore, the walking speed and physical activity criteria may better capture the extent of subclinical conditions potentially associated with frailty. Interestingly, our analyses showed different thresholds for muscle and fat mass compared with muscle density when predicting frailty. In fact, participants without frailty had different muscle and fat areas compared with the participants with intermediate frailty or frailty. However, the participants with frailty had lower muscle density than did the participants with either intermediate frailty or without frailty. Even if our data does not provide definite conclusions, our findings still suggest that the intramuscular infiltration of fat may occur in a more advanced stage of the process leading to frailty. A previous study by Sipilä et al (35) , in which fat mass and muscle area were shown to be more strongly associated with muscle power [an early indicator of mobility loss (31) ] than with muscle density in early postmenopausal women, provide support for our findings.
In the present study, we also evaluated whether the association between frailty syndrome and body composition may have been FIGURE 1. Differences in muscle density, muscle area ratio, and fat area ratio (obtained by peripheral quantitative computerized tomography scans) according frailty syndrome status (dependent variable). The differences were analyzed with an analysis of covariance adjusted for age, sex, Mini Mental State Examination score, myocardial infarction, congestive heart failure, hypertension, osteoarthritis, peripheral artery disease, stroke, and concentrations of albumin, hemoglobin, interleukin 6, C-reactive protein, and tumor necrosis factor ␣ (log values). Intermediate frailty was defined as having 1 or 2 frailty criteria, and frailty was defined as having ͧ3 frailty criteria. Values are expressed as adjusted means and 95% CIs. P for trend ҃ 0.01 for muscle density, 0.004 for muscle area ratio, and 0.005 for fat area ratio.
driven by an underlying chronic inflammatory status. The additional analyses performed, including the use of IL-6, CRP, and TNF-␣ concentrations as covariates of the adjusted models, did not lead to substantial changes from previous findings, which suggests that the studied association is independent of systemic inflammation.
The need for reliable tools for the screening of age-associated frailty in clinical and research settings was discussed in many editorial and research articles (3) . Showing that the easy and inexpensive frailty score proposed by Fried et al (1) has a biological validity may promote its implementation in the evaluation of older persons.
The study cross-sectional design, which does not allow the assessment of any cause-effect mechanism, represents its main limitation. We could not evaluate whether the body composition changes represented the initial step of the pathway leading to the frailty syndrome, the expression of a frailer health status of participants, or only the expression of physical inactivity. Longitudinal studies are needed to confirm our findings and clarify this issue.
In conclusion, our findings showed that the frailty syndrome was inversely associated with muscle mass and quality. Moreover, frail older subjects had higher amounts of fat mass. These associations appeared to be independent of concentrations of IL-6, CRP, and TNF-␣. By providing a biological face validity to the definition of frailty syndrome provided by Fried et al (1), we should encourage the use of this scale in the screening of older persons who are at high risk of health-related events.
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